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Abstract 

A total of 2582 non-duplicate clinical Acinetobacter spp. isolates were collected to evaluate the performance of four 
identification methods because it is important to identify Acinetobacter spp. accurately and survey the species distribution 
to determine the appropriate antimicrobial treatment. Phenotyping (VITEK 2 and VITEK MS) and genotyping {16S rRNA and 
rpoB gene sequencing) methods were applied for species identification, and antimicrobial susceptibility test of imipenem 
and meropenem was performed with a disk diffusion assay. Generally, the phenotypic identification results were quite 
different from the genotyping results, and their discrimination ability was unsatisfactory, whereas 16S rRNA and rpoB gene 
sequencing showed consistent typing results, with different resolution. Additionally, A. pittii, A. calcoaceticus and A. 
nosocomialis, which were phylogenetically close to A. baumannii, accounted for 85.5% of the non-A. baumannii isolates. One 
group, which could not be clustered with any reference strains, consisted of 11 isolates and constituted a novel 
Acinetobacter species that was entitled genomic species 33YU. None of the non-;A. baumannii isolates harbored a WooxA-sr 
like gene, and this gene was disrupted by \SAbal9 in only one isolate; it continues to be appropriate as a genetic marker for 
A. baumannii identification. The resistance rate of non-A. baumannii isolates to imipenem and/or meropenem was only 2.6%, 
which was significantly lower than that of ;A. baumannii. Overall, rpoB gene sequencing was the most accurate identification 
method for Acinetobacter species. Except for A. baumannii, the most frequently isolated species from the nosocomial setting 
were A. pittii, A. calcoaceticus and A. nosocomialis. 
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Introduction 

Acinetobacter is a genus of Gram-negative bacteria that are 
important soil organisms. Over 30 species have been identified 
with validly published names [1,2]. During recent decades, 
Acinetobacter spp., particularly X. baumannii, have been suggested 
as an important public-health concern because of multiple drug 
resistance. The emergence of carbapenem-resistant ^. baumannii 
(CRAB) has become a major international public health concern 
and has been described as the sentinel event of antimicrobial 
resistance, leaving few therapeutic options [3] . Different Acineto- 
bacter spp. might possess distinct capability in invasion and 
virulence [4] , thus ensuring the urgency of developing an accurate 
identification method for Acinetobacter spp. 

The most common phenotypic and genotypic identification 
methods utilized in the species determination oi Acinetobacter spp. 
are biochemical systems and 16S rRNA gene sequencing. 
Biochemical systems such as VITEK 2 are prone to being 
influenced by culture conditions [5]. The major limitation of 16S 
rRNA gene sequencing is that it is too conserved to distinguish aU 
of the Acinetobacter spp. [6]. A more effective identification 
method is required for clinical or laboratory application. In this 
case, rpoB sequencing and Matrix-Assisted Laser Desorption/ 



Ionization Time of Flight Mass Spectrometry (MALDI-TOF-MS) 
were evaluated as two alternative methods. 

The rpoB gene has a housekeeping role, and its size differs 
between species, ranging from 3411 bp (Staphylococcus aureus) to 
4185 bp {Neisseria meningitidis) [7]. The variability of the rpoB 
gene sequence ensures that it is impossible to design universal 
primers to amplify this gene for all bacteria. As a result, rpoB is 
more suitable for typing subspecies and is frequently used as a 
multiple-locus sequence typing (MLST) locus for many bacterial 
species [8]. Species is a taxonomic unit between genus and 
subspecies, and whether rpoB sequencing is feasible for species 
identification is unknown. Recentiy, many scientists have attempt- 
ed to use the rpoB gene to identify chnical isolates oi Acinetobacter 
spp [9,10]; however, few systematic application of the 7poB gene 
have been applied to identify clinical Acinetobacter spp. As a result 
of the incompleteness of the rpoB database, many reference strains 
have not received an accurate name, which adds confusion 
regarding the nomenclature in the clinical field. 

Mass spectrometry is a recentiy developed method for clinical 
bacterial identification that is primarily based on ribosomal 
proteins [11,12]. This method has high sensitivity, high accuracy 
and high resolution, leading to its wide research application in life 
sciences and other fields. For bacterial identification, mass 
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spectrometry has the advantage of low cost, rapidity and ease of 
use. Several misidentification cases in nonfermentative Gram- 
negative baciUi have been reported [6]. 

In this study, we compared the pros and cons of the four 
identification methods to find a convenient approach for 
Acinetobacter spp. identification at the species level. 

Materials and Methods 

Bacterial isolates 

A total of 2582 non-duplicate clinical Acinetobacter spp. isolates 
were collected from 27 provinces in China from January 2009 to 
September 2010 [13]. Among them, 385 isolates of W«oxA-,5i-lrke- 
negative Acinetobacter spp. were selected for further identification. 
A total of 24 ^. haumannii isolates, which were confirmed by 
&/aoxA-5i -like-positive and MLST, were selected as the reference, 
i.e., one isolate per province and ATCC 17978 [13]. The primers 
used for amplifying the fi/ftoxA-.-ii-like gene are Ksted in Table 1. 
The isolates were preliminarily identified by the VITEK 2 system 
(Sysmex-bioMerieux, Marcy FEtoUe, France). 

PGR amplification and gene sequencing 

The rpoB sequences of 32 Acinetobacter spp. reference strains 
were obtained from the NCBI GenBank database or the 
Acinetobacter spp. genomes (Table SI). The PGR degenerate 
primers were designed online at the region between positions 2300 
and 3300 (http://blocks.fhcrc.org/codehop.html) [7]. The prim- 
ers used to amplify and sequence the 7poB gene are listed in 
Table 1 . The primers of the 1 6S rRNA gene were designed based 
on 32 sequences of standard strains downloaded from the website 
for prokaryotic nomenclature (http://www.bacterio. net/a/ 
acinetobacter.html) (Table S2). 

The interspecies diversity was evaluated using the similarities of 
the rpoB gene sequences between^, baumannii ATGC 17978 and 
reference strains of different Acinetobacter species. The similarities 
of its trimmed sequences where our in-house designed primers 
were located were calculated using the identical method. To 
accurately evaluate the highest similarity between the closest 
relationship groups, the genomes of 16 A. haumannii strains and 
nine A . nosocomialis strains were retrieved, and the complete rpoB 
gene sequences were trimmed with the identical standard to 
calculate their intraspecies similarity. 

Table 1. PCR primers used for species identification. 



The sequences of the rpoB and 16S rRNA genes were aligned 
using the multiple alignment program for amino acid or nucleotide 
sequences (MAFFT version 7) [14]. The Neighbor-Joining (NJ) 
tree was constructed with the 32 reference strains and the 
representative isolates, which were selected from each lineages 
using the MEGA 5.2 program [15-17]. 

MALDI-TOF MS 

The isolates were identified on the VITEK MS system 
(bioMerieux, Marcyl'Etoile, France) in accordance with the 
manufacturer's instructions. E. coli ATCC 8739 was used as a 
quality control. 

Susceptibility test 

Susceptibility testing of imipenem and meropenem was 
performed by disk diffusion. A. baumannii ATCC 17978 and E. 
coli ATCC 25922 were used for quality control. For the disk 
diflFusion testing, a single clone was cultured at 37°G overnight in a 
MueUer-Hinton (MH) agar plate, recovered and diluted to 0.5 
McFarland turbidity with 0.9% NaCl (w/v) solution. The diluted 
suspension was distributed on an MH plate with a cotton swab. 
After the antimicrobial susceptibility test discs were used, the plate 
was incubated at 37°C for 24 h. The data interpretation was 
performed in accordance with the Clinical and Laboratory 
Standards Institute (CLSI) 2012 guideline [18]. The Zone 
Diameter Interpretive Criteria for imipenem and meropenem 
were as follows: susceptible, inhibition zone S14 mm; intermedi- 
ate susceptible inhibition zone = 1 5 to 1 7 mm; resistant, inhibition 
zone ^18 mm. 

Results 

rpoB sequencing 

The rpoB gene similarities between^, baumannii ATCC 17978 
and the reference strains of different Acinetobacter species were 
distributed as 84.8~95.6%, and the highest similarities of these 
trimmed rpoB gene sequences were up to 96.5% (Table 2). 
Because the two species of A. baumannii and A. nosocomialis 
showed the highest interspecies similarity, the complete sequence 
similarity of the 7poB gene between them was 95.6±0.1%, 
whereas the similarity of their conservative region amplified by our 





Target gene 


Primer name 


Nucleotide sequence 5 — >3' 


Product size (bp) 


rpoB 


rpoB-n 


CCTTCATGACCTGGAAYGGNTA 


940 




rpofi-Rl 


TCCAGGATCTGNCCNACRTTCAT 


940 




rpoB-F2 


CATGACCTGGAACGGCTAYAAYTAYGA 


1210 




rpoB-R2 


TGGTTCAGCTTCAGCATRTACATRTA 


1210 


16S rRNA 


16S-F1 


GAGTAATGCTTAGGAATCTGC 


130 




16S-R1 


GGTAACCGCCCTCTTTG 


130 




16S-F2 


GCGGACGGGTGAGTAATG 


1030 




16S-R2 


GCTGGCAAATAAGGAAAA 


1030 


fa'aoxA-51-like 


WaoxA-51-like -Fl 


TAATGCTTTGATCGGCCTTG 


353 




WooxA-si-like -Rl 


TGGATTGCACTTCATCTTGG 


353 




WaoxA-si-like -F2 


TAGTGACTGCTAATCCAAAT 


670 




WaoxA-si-like -R2 


AAGGGAGAACGCTACAAT 


670 



Note: R = A/G,Y = C/T,N = A/C/G/T. 
doi:10.1371/journal.pone.0104882.t001 
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Table 2. The rpoB gene similarity between A. baumannii ATCC 17978 and reference strains of different species. 



reference strains 


A (%) 


B (%) 


reference strains 


C (%) 


D (%) 


A.genomosp. 1 3 


95.6 


96.5 


Acinetobacter sp._HA 


87.3 


89.3 


A.nosocomialis_RUH2624 


95.4 


96.3 


A.;o/insonH_SH046 


87.3 


87.1 


A.pittii D499 


93.7 


94.0 


A.bereziniae_lMG_^ 003 


87.3 


85.6 


A.calcoaceticus_SHQ24 


93.3 


93.6 


A.lwoffii_\Nn062^ 


87.3 


87.0 


A.ole!vorans_DR^ 


925 


94.1 


Acinetobacter sp._P8-3-8 


87.1 


85.8 


A.calcoaceticus_RUH22Q2 


92.0 


93.2 


A.schindleri TG19614 


86.8 


86.3 


A.venetianus_ RAG_1 


90.0 


90.8 


Acinetobacter sp._WC-743 


86.7 


85.6 


,Acmetohacter_NBRCl 00985 


89.7 


6.3 


Atondo/LDSM_14970 


86.7 


85.8 


/A.tjemfcerg/ae_DSM_14971 


89.3 


89.3 


A.lwoffii_Sm45 


86.6 


85.4 


Acinetobacter sp._NCTC7422 


89.2 


91.2 


/A.boy/yLADPI 


86.1 


84.4 


A.haemolyticus_A^CC^\9^9^4 


88.9 


89.2 


A.ursingii_DSM_'\ 6037 


85.5 


83.5 


A.parvus_DS^A^66^7 


88.8 


88.3 


A.bouvetii_DSMJ 4964 


85.5 


84.5 


A.junii_SH205 


88.6 


89.6 


/A.tou'nerLDSM_14962 


85.4 


84.3 


A.grimontii_aP07470 


88.5 


89.4 


Aso//_CIP_l 10264 


85.3 


84.1 


A.gerneristrain_DSM_^ 496 


87.5 


87.7 


/4.rad/ores/stens_DSM_6976 


84.8 


83.4 


A.genomosp. 1 1 


87.3 


85.4 








Note: The column A and C indicated the complete rpoB gene sequences. The 


column B and D indicated the trimmed partial rpoS gene sequences where our designed 



primers located. 
doi:l 0.1 371 /journal.pone.Ol 04882.t002 



in-house designed PGR primers was 96.6±0.2% (Table 3). Tlie 
intraspecies similarity of the A. baumannii and A. nosocomialis 
reference strains were all above 99%, which indicated that it was 
an intraspecies conservative gene and, therefore, not appropriate 
for strain typing. Because the rpoB gene has the characteristics of 
interspecies polymorphisms and is intraspecies conservative, it 
could offer high discriminative power for Acinetobacter spp. 
identification. Setting a pairwise identity of 97% as the appropriate 
criteria for delineating this species was thus a reasonable 
hypothesis. 

According to such criteria, a total of 409 clinical isolates, 
including 385 isolates of 6ZaoxA-,5i -negative ^cm«to6acter spp. and 
24: A. baumannii isolates, could be clearly divided into 1 1 lineages 
(Table 4, Figure 1(a)). Our study indicated that a pairwise identity 
of 98.5% could be set as the criterion for delineating the clinical 
isolates. 

In addition, A. pittii and ^. calcoaceticus were not differentiated 
from each other, and their 189 isolates constituted the largest 
branch. The second largest branch was A. nosocomialis, which was 
composed of 134 isolates. The branch of ^. junii/A. grimontii 
contained 25 isolates. A. Iwoffii SH145 and ^4. Iwoffii WJ10621 
were located on different branches, the latter being clustered with 
A. johnsonii SH046. Similarly, A. calcoaceticus RUH2202 was 
separated from other A. calcoaceticus reference strains and were 



clustered with A. oleivorans isolates. Initially, A. Iwoffii WJ10621 
and A. calcoaceticus RUH2202 were identified incorrectly. 

A. haemolyticus, A. soli, A. bereziniae and A. ursingii formed 
their own branch, although with a small number of isolates. One 
branch contained 1 1 isolates and did not contain any reference 
strains. This branch might represent a novel species, which was 
entided genomic .species 33YU (GenBank accession numbers: 
KF982810-KF982820). 

16S RNA gene sequencing 

A pairwise identity of 99% was set as the criterion for 
delineating the species oi Acinetobacter spp. The 409 isolates were 
grouped into seven branches. The Neighbor-Joining (NJ) tree, 
which was constructed by the 32 reference strains and the 
representative isolates, is shown in Figure 1(a). The nucleotide 
similarity values of each lineage with the reference strains are list in 
Table 4. 

A. calcoaceticus and A. nosocomialis were not difiFerentiated by 
1 6S rRNA gene sequencing, and these 340 isolates were combined 
into one large branch that was labeled A. calcoaceticus-A. 
baumannii complex [Acb) complex, including 1 1 isolates of the 
genomic species 33YU branch that were revealed by rpoB gene 
sequencing. The A. baumannii branch contained 24 isolates and 
was located near the A. junii branch, which was consistent with 
the phylogenetic relationships in other studies [19]. A. junii and^. 



Table 3. The rpoB gene variation of A.baumannii and A.nosocomlalis reference strains. 







Complete CDS (%) 


Trimmed sequences (%) 


The intraspecies similarity of A. baumannii (%) 


99.5 ±0.1 


99.3 ±0.2 


The intraspecies similarity of A. nosocomialis (%) 


99.6 ±0.3 


99.5 ±0.5 


The interspecies similarity (%} 


95.6 ±0.1 


96.6 ±0.2 



doi:l 0.1 371 /journal.pone.Ol 04882.t003 
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Table 4. Distribution of 409 Acinetobacter isolates by rpoB and 16S rRNA gene sequences. 





Isolates No. 


rpoB 




leS rRNA 




Classification (n) 


Similarity (%)* 


Classification (n) 


Similarity(%)* 


A1-A189 


A.pittii/A.calcoaceticus (1 89) 


99.28±0.39 


Acb complex (189) 


99.98 ±0.06 


Al 90- A 195 


A.oleivorans/A.calcoaceticus_RUH2202 (6) 


98.85 ±0.49 


Acb complex (6) 


99.82 ±0.1 3 


A196-A329 


A.nosocomialis (134) 


99.00±0.33 


Acb complex (134) 


99.97 ±0.09 


A354-A364 


A. genomic species 33YU (1 1) 


96.24 ±0.10* 


Acb complex (11) 


99.97 ±0.05* 


A330-A353 


A.baumannii (24) 


99.17±0.07 


A.boumannii (24) 


99.69 ±0.11 


A365-A366 


AMaemolyticus (2) 


98.75±0.24 


A.haemolyticus (2) 


99.83 


A367-A370 


A.johnsonii/A.lwoffiiJNl 1 062 1 (4) 


98.53±0.32 


A.jotinsonii (4) 


99.81 ±0.05 


A371-A395 


A.junii/A.grimontii (25) 


99.61 ±0.34 


A.junii/A.grimontii (25) 


99.99 ±0.02 


A396-A404 


A.soli (9) 


99.40±0.13 


A.soli (9) 


99.96 ±0.07 


A405-A408 


A.bereziniae (4) 


99.51 ±0.30 


A.bereziniae (4) 


99.87 ±0.09 


A409 


A.ursingii (1) 


98.54 


A.ursingii (1) 


99.91 



Note: 

* indicates the rpoB and 16S rRNA gene reference strain was >A.nosocom/a//s_RUH2624. 

* indicates the nucleotide similarity with reference strains. 
doi:l 0.1 371/journal.pone.Ol 04882.t004 



grimontii were not differentiated from one another according to 
the 16S rRNA gene sequencing. The results of ^4. hereziniae and 
A. soli, A. haemolyticus and A. ursingii identification were 
identical to tliose by rpoB sequencing. 

VITEK 2 and MALDI-TOF MS 

A total of 409 isolates of Acinetobacter spp. were divided into 
only four categories by the VITEK 2 system, and the result was 
quite different from those obtained using the other methods 
(Table 5). The result of VITEK MS was better than that of 
VITEK 2. VITEK MS showed an identical resuk as rpoB 
sequencing in identifying A. junii, A. haemolyticus and A. 
johnsonii. Eight isolates were identified as non-Acinetohacter, and 
370 isolates were identified as the Acb complex. This result 
suggested that the discrimination ability of MS was unsatisfactory 
for Acinetobacter spp. identification, which could likely be resolved 
by further combination with rpoB as the reference. 

Comparison of different methods 

Because the 16S rRNA gene was more conservative than the 
rpoB gene, the former resolution was even worse than the latter. 
As a result, in this study, their criteria for dehneating the species of 
Acinetobacter were quite dififerent. If the pairwise identity 98.5% 
was set as the identical criteria for the 16S rRNA gene, most of the 
strains could not be differentiated. If the pairwise identity of 99% 
were set as the criteria for the rpoB gene, however, the strains 
would be divided into numerous clusters. According to the current 
standards, the consistency between these two methods was most 
satisfactory. 

The VITEK 2 system showed unsatisfactory performance in 
species identification, and the result of VITEK MS was a little 
better. The latter method was able to identify A. junii, A. 
haemolyticus and A. johnsonii accurately; however, it failed to 
discriminate the Acb complex. These results could be expected 
because this clinical identification system relies on the database 
that is built on the knowledge of the understanding of the genus 
Acinetobacter by engineers and scientists. The taxonomy of 
Acinetobacter is unclear, even in the lab, and the related findings 



are rarely transferred to these identification systems in a timely 
manner. 

Susceptibility data 

The resistance rate of the non-A. baumannii isolates to 
imipenem and/ or meropenem was 2.6%. Among the 10 resistant 
isolates, three isolates belong to the A. calcoaceticus/A. pittii 
branch, and five isolates were A. nosocomialis, one isolate was A. 
soli, and one isolate was genomic species 33YU. 

False-positive rate and false negative rate of WdoxA-srlike 

None of the 385 non-^. baumannii isolates carried the i/floxA- 
51-like gene. Of the 2197 blao-KA-5r^i^e-poskive Acinetobacter spp. 
isolates, one isolate was inserted by lSAbal9. 

Discussion 

This study provided a combined genotypic and phenotypic 
assessment of identification methods for clinical Acinetobacter spp. 
isolates collected from 23 provinces in China. As a classic 
identification method, 16S rRNA gene sequencing was highly 
reliable at the genus level; however, it showed poor discriminatory 
ability on the species level [20]. The fuU lengths of the 16S rRNA 
gene sequence of^. pittii, A. nosocomialis, A. calcoaceticus and^. 
baumannii were nearly identical to each other. Distinguishing 
these species merely by 16S rRNA gene sequencing is impossible. 

The high variability of the rpoB gene among Acinetobacter spp. 
ensured that it is appropriate for species typing; however, 
designing universal primers is difficult. A conserved region within 
the rpoB gene provided a unique target for primer designing [7]. 
Except for the different resolution, 16S rRNA and rpoB gene 
sequencing showed a consistent typing result, which indicated that 
both 16S rRNA and rpoB were rarely involved in recombination 
between Acinetobacter spp. The evolutionary tree based on the two 
genes could reflect their original phylogenetic relationship. 

As early as 2006, rpoB gene sequencing was proposed for 
identifying species Acinetobacter [21]. In 2009, Vijay A. K. B. 
Gundi et al. identified 99 Acinetobacter clinical isolates by rpoB 
gene sequencing and confirmed that an unnamed Acinetobacter 
genomic species (gen. sp.) 3 was the second dominant species after 
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Acinetobacter sp._NBRC_1 00985 
A.venetianusRAGI 
Acinetobacter sp._NCTC7422 
A.parvus_DSM16617 

fA.junii_SH205 
' A371-rpoB (25 isolates) 
A.grimontii_CIP07470 
A365-rpoB (2 isolates) 
A.haemolyticus_ATCC1 91914 
A.tjernbergiae_DSM_14971 
A367-rpoB (4 isolates) 
A.lwoffii_WJ10621 
A.johnsonii_SH046 
A.tandoii_DSM_14970 

□Acinetobacter sp.HA 
A.schlndlerl TG19614 
A.lwoffii_SH14S 

A.towneri_DSM_1 4962 
A.gerneristrain_DSM_1 496 
A.bouvetii_DSM_1 4964 
A.genomosp.11 

Acinetobacter sp._P8-3-8 

I Acinetobacter sp._WC-743 
A405-rpoB (4 isolates) 
A.berezlniae_LMG_1 003 
A409-rpoB 

A.ursingii_DSM_16037 

A.radioresistens_DSM_6976 
A.baylyi_ADP1 
I A396-rpoB (9 isolates) 
l-A.soli_CIP_110264 
A190-rpoB (6 isolates) 
A.oleivoransDRI 

A.calcoaceticus_RUH2202 
A.calcoaceticus_SH024 
A.pittii D499 
A1-rpoB (189 isolates) 
A330-rpoB (24 isolates) 
A.baumannii_ATCC17978 

I A354-rpoB(11 isolates) 

{ p A.genomosp.13 
— |j A1 96-rpoB (1 34 isolates) 
" A.nosocomialls RUH262j 




Psychrobacter_cryohalolentis_ 



I A.grimontii_DSIVI14968T 
-J A.junii_DSM6964 

I A371-16S (25 isolat es) 
J A330-1 6S (24 isolatesTP 
~l A.baumannli_DSM30007 ' 
- A.venetianus_ATCC31012~ 
-A.parvus_LUH4616 

A.rudis_CIP1 1 0305 

-A396-16S (9 isolates) 
-A.soli_KCTC22184 

-A.baylyi_DSM14961 
A.towneri AB1110 



-A.tandoii_DSM14970 

A.fjernbergiae_DSIVI14971 



-A.bouvetil_DSM14964 
- A.gernerl_DSM14967 



iA409-16S 



I A.ursingii_LUH3792 
- A.guillouiae_DSM590 
jA405-16S (4 isolates) 
"I A.bereziniae_ATCC1 7924 
A.calcoaceticus_NCCB22i 
A.pittii_LMG1035 
A196-16S (134 isolates) 
A1-16S (189 isolates) 
A190-16S (6 Isolates) 
J-A354-16S (11 isolates) 
T- A.nosocomialis_RU H2376 
-A.brisouii_5YN5-8 

- A.puyangensisJCM 1 8011 

— A.lwotfii_CCM7267T 
I A365-16S (2 isolates) 

1 A.haemolyticus_ATCC17906 
-A.schindleri_LUH5832 
— A.kookli JCM18512 



;6_^| 



- A.beijerlnckli_LUH4759T 
- A.gyllenberg{i_RUH422 
rA367-16S (4 isolates) 
1 A.johnsonii_ATCC17909 

— A.indicus_A648 

- A.radioresistens_DSM6976 

A.boissier_SAP284.1 

A.nectaris_SAP763.2 

Psychrobactercryohalolentis 



K5 



0.05 0.01 

Figure 1. Phylogenetic relationships witKiin different Acinetobacter spp. (1 1 representative clinical isolates, 16S rRNA gene sequences of 12 
standard strains and rpoB gene sequences of 1 6 reference strains included in this study), as obtained by rooted dendrogram construction on the basis 
of rpoB gene sequences (a) and 16S rRNA gene sequences (b). The cluster analysis was performed using the IVIEGA 5.2 software and was based on the 
neighbor-joining algorithm using species of the closest related genus (i.e., Psychrobacter cryohalolentis) as an outgroup, with 1,000 bootstrap 
replications. The bar indicates 1% and 5% sequence diversity. In the phylogenetic tree of the rpoB gene (a), the Acb complex could be divided into 
five branches, and the evolutionary relationships among the branches were reasonable. In the phylogenetic tree of the 1 6S rRNA gene (b), only the A. 
baumnnii branch was separated individually from the Acb complex, although it was located near the branch of A. junii. 
doi:1 0.1 371 /journal.pone.01 04882.g001 



A. baumannii in patients [9]. Some studies reported that the Ach 
complex could be further classified into the following four species: 
A. pittii, A. nosocomialis, A. calcoaceticus and A. baumannii by 
rpoB gene sequences. [22,23]. The fragment lengths of the partial 
rpoB gene amplified by their in-house designed PGR primers were 
only 350 and 450 bp, and the locations of the two fragments were 
completely different. Some of these so-called reference sequences 
of the rpoB gene have not been verified by whole genome 
sequencing. The similarity of the rpoB reference sequences in 
some species were even greater than 99%, e.g., A.calcoaceti- 
CM5_SH024 and yl.j^zto_D499, whereas .4. Iwoffii WJ10621 and 
A. calcoaceticus RUH2202 were not located on their expected 
phylogenetic tree branches, which was consistent with their whole 
genome sequencing data [24]. These phenomena reiterated the 
current confusion of the nomenclature of Acinetobacter spp., the 
severity of which has ensured that sequences retrieved from public 
databases are unreliable. Excessively short fragments of the 7poB 
gene sequence might encounter marked difficulties, particularly in 



large-scale clinical applications, e.g., some closely related strains 
remain difficult to differentiate. Most researchers were continuing 
to follow these primers for Acinetobacter species identification, 
whereas others were attempting to replace rpoB gene sequencing 
by other housekeeping genes, e.g., gyrB [22]. In our study, the 
fragment lengths of the partial rpoB gene amplified using our 
newly re-designed PGR primers were 940 and 1210 bp, and the 
location of these fragments were nearly consistent. The criteria for 
delineating the species of Acinetobacter were proposed in this 
study, and the classification results were relatively ideal. Addition- 
ally, our study confirmed that A. pittii/ A. calcoaceticus was the 
second dominant species, after A . baumannii, that is isolated from 
patients, which was consistent with a study in European countries, 
whereas y4. nosocomialis was the second dominant species in South 
Korea [5,9,22]. Additionally, our study confirmed that genomic 
species 33YU was a clinically significant species in patients and 
should be monitored with care. 
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Table 5. The difference identification results of 409 Acinetobacter isolates by three different methods. 





Isolates No. 


rpoB (n) 


VITEK2 in) 


MALDI-TOF MS {n) 


A1-A189 


Apittii/Acalcoaceticus (1 89) 


Acb complex (180), A.haemolyticus (1}*, 
A.lwoffii (8)* 


Acb complex (188), E.coli (1)* 


A1 90- A 195 


A.oleivorans/A.catcoaceticus_R\JH2202 (6) 


Acb complex (6) 


Acb complex (6) 


A196-A329 


A.nosocomialis (134} 


Acb complex (131), A.lwoffii (3)* 


Acb complex (134) 


A354-A364 


A. genomic species 33YU (1 1) 


Acb complex (11)* 


Acb complex {1 1} 


A330-A353 


A.baumannii (24) 


Acb complex (24) 


Acb complex (23), 
Non-Acinetobater spp. (1)* 


A365-A366 


A.haemolyticus (2) 


Acb complex (2)* 


A.haemolyticus (2) 


A367-A370 


A.johnsonii/A.lwoffii_\N}^062^ (4) 


A.lwoffii (2)*, Acb complex (2)* 


A.johnsonii (4) 


A371-A395 


A.junii/A.grimontii (25) 


A.junii (16), A.haemolyticus (2}* A.lwoffii (3)*, 
Acb complex (4)* 


A.junii (25) 


A396-A404 


A.soli (9) 


Alwoffii (1)*, Acb complex (8)* 


Hon-Acinetobater spp. (6), 
Acb complex (3)* 


A405-A408 


A.berezinioe (4} 


Alwoffii (4)* 


Acb complex (4)* 


A409 


A.ursingii (1) 


Acb complex (1)* 


Acb complex (1)* 



Note: * indicates mis-identification. 
doi:l 0.1 371 /journal.pone.Ol 04882.t005 



Additionally, Toidi Ade' kambi et al. compared the rpoB gene 
sequence similarity of 230 bacterial species representative of 45 
genera and revealed that the interspecific diversity based on the 
rpoB gene sequence was 98.2~ 100%, which could be considered a 
suitable supplement to DNA-DNA hybridization [25]. For 
Acinetobacter species, the interspecies similarities were 
84.8~95.6%, whereas the intraspecies similarity of the complete 
rpoB gene sequences in A. baumannii and A. nosocomialis were 
above 99%. We hypothesize that, considering the irreplaceable 
advantages of rpoB gene sequencing, it is a promising tool for 
species identification because of its appropriate interspecies 
polymorphisms. 

Vaneechoutte M et al. proposed that A. grimontii is a 
heterotypic synonym of A. junii by DNA-DNA hybridization 
and amplified fragment length polymorphism (AFLP) [26]. 
However, on the website of prokaryotic nomenclature, A. 
grimontii and A. junii are considered two different species. We 
found that the identity of their rpoB sequences was greater than 
99% and did not reach the threshold of 98.5%, and we suggest 
combining them into one species. 

The 6faoxA-.^5 1 "like gene has been proposed as a marker for A . 
baumannii [27]. Previous studies proposed that detecting the 
WfloxA-.-irlike gene using multiplex PGR was not reliable for the 
identification of A. baumannii because this gene could be 
disrupted by ISAhalS or ISAbal9, or that the 6/aoxA-,5i-hke 
gene could be acquired by non-y4. baumannii by horizontal gene 
transfer [28,29]. We hypothesize that the above evidence was not 
sufficient to negate the value of the 6/aoxA-:)i"like gene as a genetic 
marker of ^. baumannii in that such events were remarkably rare. 
Of our 2197 A. baumannii isolates, one isolate was inserted by 
lSAbal9, with the band of PGR product continuing, with its 
length increasing from 670 bp to 2000 bp. Our previous study 
confirmed that 875 carbapenem-resistant &/aoxA-.^) rlike-positive 
Acinetobacter isolates could be investigated using a MLST scheme, 
which demonstrated that they belong to A. baumannii [13]. None 
of the 385 non-A. baumannii isolates carried the 6/aoxA-:)i-like 
gene. The false positive rate and the false negative rate were low 
using the 6ZaoxA-,^i"like gene as a genetic marker of/4, baumannii. 



The large number of our collected isolates guarantees the 
inclusion of most of the nosocomial Acinetobacter spp. One novel 
species, i.e., genomic species 33YU, was newly identified, indicating 
that most nosocomial Acinetobacter spp. have been discovered. 

We suggest that rpoB sequencing is the best reference method 
for identifying Acinetobacter species. We designed primers for the 
rpoB gene that applied to most non-y4. baumannii isolates 
successfully. A database oirpoB sequences was constructed, which 
can be used by scientists and physicians worldwide for identifying 
Acinetobacter spp. Other than/4. baumannii, the most commonly 
isolated Acinetobacter spp. in a nosocomial environment were A. 
calcoaceticus, A. pittii andy4. nosocomialis. Few non-A. baumannii 
showed high resistance to carbapenem, and they could be used as 
a control for studies to determine the reasons that A. baumannii 
evolved to be a multi-drug resistant superbug. 
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